Undernutrition in fetal life programmes risk of obesity and the metabolic syndrome in adult life. Rat studies indicate that exposure to a maternal low-protein diet throughout fetal life establishes a preference for high-fat foods. The present study aimed to assess the effect of low protein exposure during discrete 7-day periods of gestation upon feeding behaviour (full gestation 22 days). Pregnant rats were fed control or low-protein diet, with low-protein feeding targeted at day 0-7 (LPEarly), day 8-14 (LPMid) or day 15-22 (LPLate) of gestation. At 12 weeks of age, offspring were placed on a macronutrient self-selection regimen. Prenatal protein restriction programmed feeding behaviour in female, but not male, offspring. Among females, all low-protein exposed groups consumed less fat than the control group (P < 0.05). Male offspring showed no changes in feeding behaviour. In males and females fed a low-fat chow diet, there were metabolic differences between the groups. LPEarly and LPLate males had greater hepatic glycogen stores than control animals. There were no differences in the size of abdominal fat depots in either male or female rats exposed to low-protein diet at any point in gestation. The data suggest that programming of feeding behaviour is likely to be gender-specific and dependent upon the timing of nutrient insult in fetal life. This work may have implications for the development of the metabolic syndrome.
INTRODUCTION
Many aspects of adult anatomy, physiology and metabolism are programmed through exposure to an adverse nutritional environment in utero and, as such, the fetal and early-life environments are important determinants of the metabolic syndrome [1] . Retrospective cohort studies have demonstrated that markers of impaired fetal growth and hence maternal nutritional status during pregnancy predict increased risk of both the metabolic syndrome [2] and obesity in adult life [3] [4] [5] .
Animal studies generally support these epidemiological findings. Experiments that have manipulated either overall food supply or dietary composition, such that one or more nutrients is limiting, indicate that the fetus mounts adaptive responses in order to preserve growth [6] [7] [8] . Metabolic adaptations in the fetal tissues most probably occur in response to modification of endocrine cross-talk between mother and fetus across the placenta [9, 10] . The immediate outcomes of the adaptive responses are favourable, ensuring the immediate survival of the animal in a less than optimal fetal environment. In the longer term, however, modifications to organ structure [11, 12] , hormone responsiveness [13] or gene expression [14] appear to predispose to metabolic disorders in later life.
A number of animal models of nutritional programming suggest that obesity may be programmed during fetal life. Excess weight gain and adiposity are reported in animals subjected to maternal food restriction during fetal development, and this effect is most pronounced when the offspring are weaned on to high-fat diets [15] [16] [17] . It has been suggested that fetal undernutrition promotes hyperphagia and reduced physical activity in the adult animal, both effects being exacerbated by high-fat diets [18] . We have shown previously [19] that exposure to a low-protein diet in fetal life modifies feeding behaviour in rats. Low-protein feeding throughout gestation promoted a preference for high-fat foods in the young adult offspring [19] . When presented with a choice of high-fat, high-carbohydrate or high-protein sources prenatally undernourished animals increased fat intake and decreased carbohydrate intake in comparison with controls. These effects were stronger in females than in males and were absent in older rats [19] .
Many aspects of nutritional programming appear to depend upon the timing of the insult. For example, in humans, the follow-up studies of the wartime Dutch Hunger Winter have shown that individuals exposed to famine in early gestation had increased risk of obesity, whereas those exposed in late gestation had lower risk [4, 5] . Similarly in rats, programming of hypertension and renal dysfunction is strongly associated with late rather than early gestation [11, 20] . The aim of the present study was to assess whether previously observed effects of fetal exposure to a low-protein diet upon feeding behaviour and metabolic indices were associated with a specific period in rat gestation. As human studies have suggested that early exposure to undernutrition is associated with obesity, our hypothesis was that protein restriction in the early period would produce a preference for fat in the offspring, whereas later exposures would generate animals that favoured a lower fat consumption.
MATERIALS AND METHODS

Chemicals and reagents
All chemicals and reagents were of reagent grade and purchased from Fisher Scientific and Sigma Aldrich, unless stated otherwise in the text.
Animals
Experiments described in the present study were performed under licence from the UK Home Office in accordance with the 1986 Animals Act. Rats were housed in plastic boxes on a 12-h light cycle at a temperature of 20 + − 2
• C. Rats had free access to food and water at all times. Twenty virgin female Wistar rats (Harlan) were mated at weights between 180 and 220 g. Upon confirmation of mating by the appearance of a semen plug on the cage floor, the rats were allocated to be fed either a control diet (180 g of casein/kg of diet; n = 5) or a low-protein diet (90 g of casein/kg of diet; n = 15), as described previously [20] . Low-protein feeding was targeted to specific periods in gestation. day 0-7 (LPEarly; n = 5), day 8-14 (LPMid; n = 5) and day 15-22 (LPLate; n = 5). The early period corresponds to the pre-implantation, implantation (occurs at 4.5 days) and embryogenic phase of life. The mid-period is the time of organogenesis, and the late period corresponds to a period of rapid growth, differentiation and maturation.
The full composition of the diets is described elsewhere [20] . The diets were isoenergetic, the difference in energy between the control and low-protein diets being made up with additional carbohydrate (starch/sucrose, 2:1 w/w). Although components of the diet other than protein have been manipulated in the diet it is likely that protein restriction is the main effect induced as the change is a 50 % decrease, as opposed to just a 14 % increase in carbohydrate content.
The rats were fed the semi-synthetic diets until they delivered pups at 22 days of gestation. All animals were then transferred to a standard laboratory chow diet (rat and mouse diet; B&K Universal), and the litters were culled to a maximum of eight pups within 12 h of delivery. This minimized variation in nutrition during the suckling period. The offspring from the groups therefore differed only in terms of their prenatal dietary experience.
At 4 weeks of age, all offspring were weaned on to standard chow diet. At 12 weeks of age, two male and two female offspring from each litter were selected at random and half were allocated to a self-selection diet protocol to assess appetite and food preferences, as described previously [19] . The remaining animals had chow intake assessed over a 3 day period.
Self-selection feeding trial
Animals were housed singly and provided with free access to three different food sources. This enabled the determination of their preference for a high-protein food, a high-carbohydrate food or a high-fat food (full composition of the foods is shown in Table 1 ). The different foods were colour-coded to allow for collection and weighing of waste food and to determine intake to within 0.5 g. All three foods were provided as balls weighing 60-100 g, which were placed in the cage in random positions each day. Diets were oven-dried at 60
• C for 2 days and contained negligible water to impact upon accuracy of measurement. Preliminary studies had established that the colourings did not impact upon the palatability or acceptability of the foods. The rats were allowed to habituate to the self-selection regimen for 2 days and then food intake was monitored at 12-h intervals over a period of 72 h, as described previously [19] . The data in the study are presented as the average intake per day for each rat, normalized for body weight (g of food intake · day −1 · kg −1 of body weight). Given the known nutrient content of the three food sources, the macronutrient intakes of each animal were calculated from the food intake data.
All animals were weighed at the beginning and end of the self-selection period. At the end of the self-selection period, the rats were culled using a rising concentration of CO 2 and cervical dislocation. All animals were culled at the same time of day, which was 3 h after the lights came on in the holding rooms. Blood was collected by cardiac puncture into heparinized tubes and plasma was Table 1 Composition of postnatal self-selection diets Dry ingredients for the high-protein and high-carbohydrate diets were mixed and then bound together through the addition of water. The diets were then dried at 60
• C for 48 h. The ingredients for the high-fat diet were mixed dry. All diets were stored at − 40 prepared by centrifugation at 3000 g (10 min at 4 • C). Fat was dissected from two discrete depots (gonadal fat and perirenal fat) and weighed. The liver was carefully dissected and hepatic glycogen was determined using a method adapted from Carr and Neff [21] . Briefly, 1 g of liver was weighed into 5 ml of 8 % perchloric acid and homogenized using a Polytron. Following centrifugation at 3000 g for 10 min, duplicate 133 µl quantities of the perchloric acid supernatant were removed and stored at − 80
• • C. When required, supernatant samples were thawed and neutralized with 100 µl of saturated sodium bicarbonate solution and 167 µl of 0.2 M sodium acetate buffer (pH 4.8). A portion (200 µl) was hydrolysed by the addition of 5 µl of amyloglucosidase (80 units/ml) and incubated for 30 min at 37
• C. The reaction was stopped by boiling for 5 min. Glucose was determined in cooled samples using the method of Trinder [22] .
Plasma analyses
Non-fasting plasma samples were obtained from all animals and used to determine glucose using the glucose oxidase method [22] . Insulin and leptin were assayed using commercially available ELISA kits (Crystal Chem). Total cholesterol was determined using an total cholesterol kit (Alpha Labs).
Statistical analysis
Results are means + − S.E.M. All data were analysed using two-or three-way ANOVA as appropriate, followed by a least significance difference test as a post-hoc test. As multiple pups from the same dam were included in the experimental groups, the litter of origin was included as a covariate in all analyses. P 0.05 was accepted as statistically significant.
RESULTS
At the start of the experiment there was a significant difference in body weight due to the maternal dietary manipulation. Both male and female rats exposed to the low-protein diet in utero tended to be lighter than control animals, with the greatest effect noted in males exposed during either the early or late gestation period ( Table 2 ). These differences were not noted at the end of the shortduration trial and there were no maternal diet-related differences in fat depot size in either males or females.
On a per kg body weight basis, the standard laboratory chow intake of female animals was significantly greater than that of males ( Figure 1 ). The prenatal dietary manipulation had no effect upon chow intake. When presented with the self-selection diet protocol, male offspring exposed to a low-protein diet in fetal life behaved in a similar manner to control rats. All groups exhibited a preference for the high-fat source, with significantly less of the high-protein food source consumed by all the animals (Figure 2A ). When the actual macronutrient intakes of the rats were calculated, it was apparent that intakes of fat, protein and carbohydrate were similar in all four groups of males ( Figure 2C ). Female rats exhibited differences in feeding behaviour related to prenatal dietary treatment ( Figure 2B ). As with males, females tended to consume more of the high-fat source than carbohydrate-or protein-rich foods. The exception to this pattern was the LPEarly group, which showed a greater preference for the carbohydraterich food. All low-protein-exposed groups consumed less of the fat-rich food than control females. When macronutrient intake was determined ( Figure 2D) , it was noted that all low-protein-exposed groups consumed significantly less fat than the control females. Female offspring exposed to maternal low-protein diet from days 0-7 had the lowest fat intakes and tended to consume more carbohydrate than rats exposed to control diet (ANOVA was not significant for carbohydrate). Energy intakes of animals consuming the self-selection diet ( Figure 3 ) were significantly greater in females than in males (P < 0.001), but were unaffected by maternal diet.
Hepatic glycogen concentration (Table 2) was highly variable between groups. In chow-fed rats, raised glycogen was noted in males of the LPEarly group (P = 0.006) and in males of the LPLate group (P = 0.021) in comparison with the controls. Maternal diet did not significantly impact upon the hepatic glycogen concentration in chow-fed females. In animals fed the selfselection diet, maternal diet did not influence hepatic Figure 1 Intake of chow diet in male and female animals exposed to differing maternal diets in utero Data are means + − S.E.M. Female animals consumed significantly more chow diet than males (P < 0.001). n as indicated in Table 2 .
glycogen concentration. Plasma leptin (Table 3) was determined only in male rats subjected to the self-selection protocol and no differences between the maternal dietary groups were observed. Plasma leptin concentrations were strongly correlated with body weight at the beginning and end of the study (P < 0.001), and were also correlated with perirenal fat mass (P < 0.001). Non-fasted plasma glucose concentrations were not correlated with maternal diet. Plasma insulin was significantly higher in males than in females and was generally increased by the self-selection protocol (Table 3) . Maternal diet influenced plasma insulin concentration and hyperinsulinaemia was noted in LPEarly and LPLate groups. Total plasma cholesterol was influenced by the maternal diet and the interaction of postnatal diet and sex. Exposure to low-protein diet in mid-gestation significantly raised cholesterol concentrations relative to the control and LPLate groups (P < 0.05). In males, the self-selection diet appeared to increase plasma cholesterol in all groups apart from the control group. In females plasma cholesterol did not differ between rats subjected to the chow or selfselection diet protocols.
DISCUSSION
The results described in the present study were a followup to an earlier study [19] that showed that female offspring from rats fed low-protein diets throughout pregnancy exhibited altered feeding behaviour. Although hypophagic when fed standard chow, when offered the self-selection protocol these animals consumed more of the high-fat food source, more fat overall and more energy than control females. Males did not exhibit this with the control group of the same sex. †P < 0.05 compared with the LPEarly group of the same sex. A two-way ANOVA indicated a significant influence of sex (P < 0.001) and maternal diet (P = 0.016). n as indicated in Table 2 . CHO, carbohydrate.
Figure 3 Energy intakes of rats fed the self-selection diet
Energy intake in male and female animals exposed to differing maternal diets in utero and fed self-selection diets in the postnatal period. Data are means + − S.E.M. Female animals consumed significantly more chow diet than males (P < 0.001). n as indicated in Table 2 .
behaviour. Our intention was to assess whether the timing of prenatal nutrient restriction was a critical determinant of feeding behaviour and metabolic programming. The findings of the present study clearly show that this is the case, as the offspring of rats fed low-protein diets for brief periods in pregnancy exhibited completely different profiles of feeding behaviour to animals exposed throughout fetal life. The differences between the two studies can only be explained by timing of prenatal insult, as all dietary interventions and the age at which the self-selection protocol was imposed were identical.
Comparing the present findings with the findings of our earlier study [19] shows that the control animals have behaved in a very similar manner, with overall food intake and macronutrient intakes corresponding very closely between the two studies. We are confident therefore that the contrasting findings of the present study are not spurious and represent a genuine effect of timing of the protein restriction. Understanding the consequences of timing in studies of prenatal programming is an important step towards elucidating the underlying mechanisms [1, 8] . Our finding that macronutrient selection behaviour was altered by exposure to low protein in the early phase of gestation is remarkable. At this stage, only the embryo would be exposed to nutrient restriction and for much of the day 0-7 period the embryo is pre-implantation and sustained by the yolk sac. This finding suggests that nutrient restriction can impact on development even before the establishment of the placenta. The mechanisms underlying this effect are unidentified. Our initial hypotheses were that the LPEarly group would exhibit increased preferences for high-fat food with LPLate groups having a reduced preference for fat. The data do not support these hypotheses and, contrary with our earlier work [19] , there was no evidence that providing a self-selection feeding regimen promoted increased consumption of fat or energy. In fact, all females in prenatal undernutrition groups showed a reduced preference for the high-fat food source and had lower fat intakes than the control animals. Consistent with our previous work [19] , the significant changes in feeding behaviour were seen in females only. This suggests a potential role for the gonadal steroids in mediating these behaviours.
Although there is a lack of consistency in the nature of the changes in feeding behaviour when comparing offspring exposed to short periods of the maternal lowprotein diet with those exposed throughout gestation [19] , it is clear that prenatal diet influences feeding in later life. Macronutrient selection behaviour is controlled by the actions of neuropeptides in specific centres of the hypothalamus [23] . Work by Plagemann et al. [12] suggests that prenatal exposure to low-protein diet may remodel the structure of these hypothalamic centres, with offspring exhibiting altered neuronal densities and expression of peptides, such as neuropeptide Y, in Table 3 Analysis of non-fasted plasma samples All data are means + − S.E.M. n as in Table 2 .
* P < 0.05 compared with control, for rats of same sex and postnatal diet. †P < 0.05 compared with LPEarly, for rats of same sex and postnatal diet. ‡P < 0.05 compared with LPLate, for rats of same sex and postnatal diet. the paraventricular nucleus and lateral hypothalamus. Preliminary microarray studies in our laboratory suggest that expression of the galanin 2 receptor (gal2r) in the hypothalamus may be programmed in utero [24] . This is of considerable interest given the nature of the feeding behaviours we observe, as gal2r mediates the central effects of galanin, which specifically controls the intake of fat [25] . Galanin and galanin receptors are linked to reproductive functions in rats [26] and may be regulated by female sex steroids [27] . This may explain why programming of feeding behaviour is more prominent in female than in male animals. This is an issue that would benefit from further investigation with consideration of the responses to the self-selection protocol in the prepubertal period. It is already known that in older animals the response is absent [19] , which could reflect declining concentrations of sex steroids.
In the present study, we found no evidence of obesity or increased fat deposition in any of the low-proteinexposed groups. As the duration of the self-selection protocol was very short there was no expectation that this element of the experiment would produce changes in adiposity. Our aim in assessing fat deposition at abdominal sites was simply to consider the impact of a low-protein diet in fetal life followed by a standard chow diet in the postnatal period. We have noted previously that, although there was no difference in overall carcass fat between control and low-protein-exposed offspring at this age, there was some variation in regional deposition, with male rats exposed to low protein throughout gestation having larger gonadal fat depots [19] . There was no evidence of this in the present study, which again emphasizes the importance of timing of nutrient restriction.
Clearly the greater insult of undernutrition through all phases of embryonic and fetal development impacts upon adiposity, whereas shorter exposures fail to perturb systems that control fat deposition. Other animal models have shown increased body fat resultant from exposure to low-protein diets in the first 2 weeks of gestation [15, 16, 28] , but these effects have generally been dependent upon the feeding of high-fat diets in the postnatal period and have not considered the effects of undernutrition during discrete periods of gestation in quite the same way as the present study. Similarly the global undernutrition model of Vickers et al. [17] has not explored the issue of timing. The findings of the present study do not mirror the patterns observed in human epidemiological studies, where it is suggested that undernutrition in the earlier stages of gestation promote obesity and late gestation undernutrition promotes obesity resistance [4, 5] .
The timing of the introduction of high-fat feeding or self-selection protocols may be critical. We found previously [19] that introducing the self-selection protocol to much older animals did not elicit differences between control and low-protein-exposed animals. The literature suggests differences in response to high-fat feeding with greater effects seen if this begins from weaning [17] . There is some data to suggest that solely providing animals exposed to low-protein diets in utero with a high-fat diet from weaning does not induce a greater level of obesity than is seen in offspring from animals fed a control diet [29] . These data are however from studies of mice. The balance of data suggests that feeding programmed behaviours and possibly associated weight gain are different in animals offered the option to eat a high-fat diet, rather than in animals forced to consume high fat. To fully understand the implications of macronutrient self-selection for obesity in our model, it would be necessary to introduce the protocol from weaning and maintain it for a much longer period of time. Earlier work [30] has shown that altered selection behaviour persists in low-protein-exposed rats for at least 100 days, and that increased central adiposity is associated with this behaviour. This indicates that changes in behaviour are stable and not a short-term phenomenon. The duration of the self-selection protocol in the present study was very short, but analysis of the data throughout the habituation and main collection period showed that food consumption by the animals was consistent throughout. There was little day-to-day variation in intake of fat-, protein-or carbohydrate-rich foods, confirming the findings from our preliminary studies [19] , which showed 3 days was optimal for determining macronutrient intake in rats. However, it is clear that when self-selection is introduced to older animals the response is different [19] . At this stage, it is impossible to comment on whether this indicates that the impact of altered feeding behaviour would decline with age, or whether the timing of first introduction of choice is a critical issue.
As the main aim of the present study was to follow feeding behaviour, animals could not be fasted prior to culling. The plasma samples represented the fed state and so, although all bloods were collected at the same time of day, the study has only limited scope for the assessment of metabolic parameters. However, there are suggestions from the hepatic glycogen and insulin data that there are programmed changes to glucose metabolism. This finding receives some support from the observation that two genes responsible for the regulation of lipid metabolism and insulin responsiveness [hepatic SREBP1c (sterolregulatory-element-binding protein 1c)] and glucose metabolism [hepatic CHREBP (carbohydrate-responseelement-binding protein)] are suppressed by intrauterine exposure to low-protein diets [31] . There is a large body of evidence to suggest that prenatal low-protein diets programme glucose metabolism and insulin resistance [32, 33] . These are common features of many animal models used to study the long-term effects of fetal undernutrition [34] .
In conclusion, we have shown that the increased preference for high-fat food that is programmed by fetal exposure to low-protein diet throughout gestation is not present if prenatal undernutrition is targeted at shorter periods of fetal life. These data suggest that the effects of fetal nutrition upon the main feeding centres in the hypothalamus are complex and both sex and timing dependent. Further studies are required to elucidate the potential role of neuropeptides and their receptors in mediating these effects.
